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The logic behind the hypothesis of the putative existence of a general adaptation 
syndrome (GAS) in plants is that any plant—be it seasonal, annual, or perennial— 
during its life cycle is exposed to wide seasonal or diurnal vicissitudes of envi- 
ronmental conditions. During noon hours it may be challenged with heat stress 
while at night with chilling or freezing stress—when young it may develop and 
thrive in low temperatures when being exposed to a measure of root anoxia due 
to excessive soil moisture, while later it experiences partial desiccation and heat 
shock, but nevertheless it develops normally. Some evergreen perennials undergo 
cyclic changes of extremely cold winters and hot summers; several desert species 
undergo cyclic and marked changes of soil salinity that in a given location, as ina 
wadi-bed, is inversely related to precipitation. 

Over and above these, plants may be faced with “climatic aberrations” in the 
form of hot, dry winds in early spring or cold spells in summer. Pollutants impose 
acute or chronic stresses on plants. It thus appears that an inherent multiple stress 
resistance mechanism is developmentally advantageous and may be pleiotropi- 
cally encoded by evolutionary selection. 

Environmental stresses are geared to circadian rhythms in plants. This hypothesis 
states that in plants, most of the biochemical and physiological processes manifest 
rhythmicity characterized by time periods ranging from seconds to annual sea- 
sons.’ Of these, the most significant fluctuations are the circadian/diurnal and the 
ultradian oscillations that govern daily changes in physiological processes. Based 
on data pertaining to salinity stress, activities of antioxidant substances, and 
enzymes (glutathione reductase, catalase, peroxidase, superoxide dismutase), and 
findings that environmental stress marked altered rhythmic responses to UV-B 
tolerance, K* uptake, stomatal movements, nutrition, and resistance to iron stress, 
it is contended that duration, and more often amplitude, of rhythmic parameters 
is influenced by extreme environmental factors.’ 
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Concomitantly, it is suggested that stress injury in plants, at least in part, is 
caused by the desynchronization of the concerted rhythmicity established and 
entrained by the extant predominating environmental factors. In these terms, the 
stressor brings about modification and desynchronization of oscillations of bio- 
chemical and physiological processes by acting either on the input (from receptor 
to oscillator) or on the output (from the oscillator to the oscillating component) 
pathways. This view is in agreement with the criteria of the Selyean theory of 
stress, including the GAS hypothesis.’ Thus, adaptation means re-setting of diurnal 
rhythms of biochemical/physiological processes and of the restoration of their 
concerted action, ensuring maximal resistance of the organism under the new con- 
ditions. This extension of the stress concept contributes to the recent revival and 
acceleration of the development of the Selyean theory of stress.*” 


GAS IN PLANT SYSTEMS 


In the original surmise that GAS may apply to plants,’ detailed documentation 
was presented indicating that all of the following groups of factors—abscisic acid 
(ABA) and/or jasmonic acid (JA) derivatives, NO* and cytochrome P,,, enzymes, 
free radical scavengers and antioxidants, osmoregulation, heat-shock proteins 
(HSPs), ubiquitin and chaperone complex, and (in certain cases) ethylene—are 
significantly involved in coping mechanisms when plants are challenged by the 
following environmental stress categories: anoxia, drought, heat, chilling, flood- 
ing, salinity, desiccation, and freezing. 

These common denominators of stress coping strategies, cutting across dia- 
metrically opposed conditions (e.g., heat and freezing, desiccation and flooding), 
strongly suggest a Selyean process in the plant kingdom. In addition to the cate- 
gories highlighted here, other GAS components unquestionably exist. Some of 
these will be discussed in the following sections. 


ABA—THE PLANT’S ALL-ROUND STRESS REMEDY? 


The most conclusive evidence of a GAS manifestation in plants applies to ABA. 
Typical examples include the alleviation of all environmental stress categories 
mentioned above as well as the hypersensitive (HS) response in phytopathologi- 
cal stress. An elegant and detailed treatment of ABA’s role in stress coping is given 
elsewhere.° 

The mode of ABA action in each stress type may differ, for example, in water 
stress ABA causes stomatal closing, which in turn may be associated with bio- 
physical changes in guard cell membranes,’ whereas in freezing tolerance ABA 
may serve to activate cold-regulated (cor) genes for cryoprotectant peptides.® 
Moreover, cDNA gene constituents for endogenous ABA synthesis have been 
found that are activated upon exposure to a wide spectrum of stress conditions.’ 
In addition to having a biological effect on plant tissue, ABA may exert biophysi- 
cal kosmotropic effect, which stabilizes the quasi-crystalline form of cell water.” 

However, care should be taken not to overemphasize the role of this hormone 
in stress coping since ABA also induces senescence, and the delicate equilibrium 
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between stress-coping and senescence-evoking effects may tend toward the latter, 
especially in phase III of the Selyean stress curve (Fic. 1). 


JASMONATES AND GAS 


Jasmonates—JA, methyl jasmonate (MJ), and other related derivatives—are 
produced from o-linolenic acid (18:3) released from membranes when plants 
experience wounding or certain types of stress and, by several mechanisms, slow 
down several metabolic processes. Because dormant, nongrowing tissues are gen- 
erally more resistant to stress injury than succulent, rapidly growing tissues, this 
series of effects is probably best viewed as a complex of protective processes 
designed to minimize further injury to the plant. A dormancy-related stress-cop- 
ing effect is winter or summer tuberization, which precedes onset of seasonal- 
imposed climatic conditions that preclude above-ground plant growth. A close 
derivative of JA, tuberonic acid, has been shown to induce tuberization in several 


normal level 
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1 "ALARM" 2. STAGE OF RESISTANCE 3. STATE OF 
REACTION OR ACCLIMATION COLLAPSE OR 
EXHAUSTION 


FIGURE 1. The three stages of the general adaptation syndrome (GAS). (Modified from 
Selye’ to include plant systems.) 1—alarm reaction: this is the somatic response to the first 
exposure to a localized or general stressor and initially lowers basal state of resistance. If the 
“stressor” is sufficiently strong (e.g., extremes of temperature, salinity), death may result; 
2—stage of resistance or acclimation: if continued exposure to the stressor is compatible 
with adaptation, resistance mechanisms of either a “syntoxic” (coexistence with stress) or a 
“catatoxic” (stressor-removal) nature ensues. The cellular manifestations characteristic of 
the alarm reaction have virtually disappeared or are strictly held in abeyance, and resistance 
rises above normal; 3—state of collapse or exhaustion: following long-term exposure to the 
stressor, adaptation capability is eventually exhausted. Signs of the alarm reaction reappear, 
and the organ or the whole organism senesces and dies. Lichtenthaler” optimistically adds 
a fourth stage—that of “recovery” after exhaustion. 
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plant species including potatoes and dahlias. Jasmonates also play an overall role 
in disease resistance and are believed to act by regulating gene activity that 
induces novel proteins such as jasmonate-specific proteins (JSPs)."° 


OSMOREGULATION 


Osmoregulation by synthesis of low molecular mass organic compounds in the 
cytoplasm of and accumulation of ions in the vacuole, follows the GAS hypothe- 
sis to a large extent: different stress signals such as frost, drought, and salinity 
induce an identical response, namely, synthesis of osmoregulators. Common to 
the mentioned stress signals is their effect by causing cellular dehydration. It 
should be emphasized that the stress signals—drought, salinity, and freezing— 
strongly differ in intensity. 

A site of osmoregulant action is in association with the aqueous layers present 
on either side of membrane bilayers. Osmoregulants in these membrane-encasing 
aqueous layers, as well as in intramembrane “vicinal water,” or in the “trapped” 
water layer present between each of the individual monolayers, may lend greater 
stability to the membrane and enable the withstanding of various types of stress 
categories." The amount of hydration depends on lipid constituency, phase, and 
temperature and on hydrophilicity of membrane proteins. TABLE 1 indicates com- 
parative hydrophilicities of membrane components. 

Organic osmoregulators predominantly fall into four groups: (i) polyalcohols 
(polyols) such as glycerol, sorbitol, mannitol, and arabitol; (ii) nitrogen-containing 
compounds such as proline and betaine; (iii) saccharides including raffinose fam- 
ily oligosaccharides and fructans; (iv) sterols. 

Osmoregulation is also expressed at the intact plant level. When plant roots are 
exposed to conditions that reduce water uptake, such as drought, salinity, frost, 
low root temperature, and hypoxia by water-logging, a signal in the form of ABA 
(or other compounds) is transferred to the shoot, resulting in stomatal closure and 
re-establishment of pressure potential by foliar synthesis of osmotic compounds. 
Stomatal closure by the ABA signal from the roots is caused by a reduced osmotic 
potential of the guard cells due to loss of K*, Cl, and malate. Again, the GAS 
hypothesis is evident: tolerance to limiting water supply of the roots occurs, irre- 
spective of the nature of its limitation. In a like manner, osmoticum and ABA 
interact to endow white spruce seedlings with drying and freezing tolerance.” 

A special case of stress-associated carbohydrates is represented by the fructans. 
Fructan-accumulating plant species are distributed over dry and cold environ- 
ments, and the level of fructans greatly increases under cold and dry conditions. 
Fructan accumulation confers drought tolerance in transgenic tobacco plants con- 


TABLE 1. Degree of Hydration of Various Plant Membrane Lipid Constituents” 


Membrane Lipid Component Moles H,O/Mole Lipid 
Glucosylceramide 1 
Sterolglycosides 1 
Phosphatidylcholine (PC) (L B-gel phase) 8 
Phosphatidylethanolamine <15 

PC (L a-liquid crystalline phase) 15 
Monogalactosyldiacylglycerol 17 


Digalactosyldiacylglycerol 34 
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taining microbial fructosyltransferase genes and high molecular weight microbial 
fructans.” On a molar basis high molecular weight fructan from microbial origin 
is nearly 30 times more effective in this respect than trehalose, sucrose, and glu- 
cose, indicating a specific role for fructans in stabilizing plant cell membranes 
under osmotic stress. 

Membranes containing free sterols are involved in the sensing of osmotic shock 
of the salt tolerant alga Dunaliella, which responds to osmotic stress by synthesis 
of glycerol,“ thus implying that plasma membrane sterols are clearly involved in 
osmoregulation of this halotolerant alga. 


GAS, FREE RADICAL SCAVENGING, AND ANTI-OXIDATIVE MEASURES 


That free radical scavenging, apparently without exception, is associated with 
every type of plant stress formerly listed, and this indicates a clear-cut general 
adaption function of this mode of stress coping, this including the O,,"-associated 
HR response.” SOD genes are differentially regulated and respond to a variety of 
stress conditons, such as paraquat application, drought,” and chilling.” 

Catalase efficiently scavenges H,O, to release water and dioxygen in peroxi- 
somes and mitochondria. Catalase cDNAs have been cloned from several plants. 
The CAT-2 gene of Nicotiana is induced by UV-B, ozone, and SO,,"* while stress fac- 
tors such as heat and chilling may lead to catalase inactivation. Acclimation to 
chilling by pre-exposure treatments probably includes induction of catalase.” 
Recently, a role for H,O, and catalase in the HR and SAR responses to plant 
pathogen infection has been proposed. 

Notwithstanding the stated above, oxidative damage in plant stress may be a 
consequence and not a primary cause of stress. Thus, active oxygen deactivation 
may be a palliative measure taken by the plant to mitigate damage already caused. 


STRESS ETHYLENE AND NITRIC OXIDE 


As is well documented elsewhere, ethylene production accompanies all of the 
various plant stress categories. In aquatic species, however, ethylene promotes 
stem elongation by lowering endogenous ABA levels and hence increasing of sen- 
sitivity.” In senescing and water-stressed Pisum sativum and carnation tissue, it has 
recently been shown that low levels of the endogenously produced nitric oxide free 
radical (NO*) can inhibit ethylene emission.’ The mechanism suggested is via the 
inhibition of the “ethylene-forming enzyme,” ACC oxidase. Recent experimenta- 
tion has extended this mechanism to salinity and short-term heat stress. 


CHILLING RESISTANCE AND GAS 


Chilling injury occurs in plants when exposed to suboptimal temperatures, the 
injurious suboptimal temperature depending on whether the plant is of tropical, 
subtropical, or temperate origin. Failure of the cellular membranes to maintain 
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compartmentalization of cellular contents either during or following low temper- 
ature leads to common symptoms of chilling injury such as pitting, water soaking, 
and increased ion leakage. A period of acclimation at a temperature close to, but 
above that which causes injury, sometimes suffices to prevent this damage. This 
cold acclimation involves the synthesis of a specific subset of proteins resulting 
from differential gene expression. In addition to acclimation, it was found that a 
similar degree of chilling resistance could be obtained at normal temperatures by 
water stress or ABA treatment.” Water stress can also increase freezing tolerance 
in winter rye and cabbage, as well as drought and freezing tolerance. 

Chilling resistance can also be induced by high NaCl concentrations.” 
Chilling-sensitive plants such as tobacco and cucumber become more tolerant of 
low temperatures after being treated with NaCl. Low temperature tolerant plants 
such as spinach, wheat, and barley increase their freezing tolerance after exposure 
to increasing concentrations of NaCl in hydroponic culture over several days. 
There appears to be an overlap in the subset of genes induced by these stresses. 
Many, but not all, of the genes induced by acclimation are also regulated by water 
stress, salt stress, or ABA.” 

“Temperature conditioning” of many postharvest commodities for a few days 
at temperatures near those that cause chilling injury allows adaptation and sub- 
sequent storage at low temperatures with little or no damage.” In contrast to accli- 
mation, stress treatments such as heat, anoxia, and JA are being tried in 
postharvest situations to induce chilling resistance.”” These treatments induce 
different subsets of genes, and yet all can increase chilling resistance in fruits 
when applied before low temperature storage. In the case of heat stress, there is a 
correlation between the persistence of heat-shock proteins (HSPs) in fruit tissue 
and chilling tolerance.* It may be inferred that the same is true in the other stress 
situations. Heat stress, by inducing chilling resistance, is moreover efficacious in 
many chilling-sensitive commodities including avocado, citrus, cucumber, 
mango, and zucchini. 

Low oxygen stress, or anoxia, enhances chilling resistance in both avocado and 
mango. In addition to induction of anaerobic stress proteins, the anoxia treatment 
also enhances the level of antioxidants in avocado fruit during storage.” Because 
oxidative damage is involved in the development of chilling injury, high antiox- 
idative capacity in tissue will prevent this damage. This may be one mechanism 
by which an anoxia stress will induce chilling resistance. 


INTERACTION BETWEEN HEAT-SHOCK PROTEINS, UBIQUITIN, AND 
CHAPERONIN AND THE GAS RESPONSE 


As in the case of other stress-coping factors, most, if not all, environmental 
stress-coping factors involve heat-shock proteins (Hsps). Especially important is 
the ubiquitin function, since in the final outcome all stresses cause dysfunction of 
proteins and since ubiquitin serves in their disposal, a presumptive overall GAS 
role, albeit secondary or tertiary, may well be assigned to Hsps. 

In general, Hsps active in thermotolerance belong to the low-molecular-weight 
(LMW) Hsp class, and recently Hsp70 is arousing much interest. The mode of 
Hsp-mediated stress coping is pleiotropic and may involve mRNA protection, 
prevention of enzyme—especially photosynthesizing—denaturation and/or their 
stress-induced aggregation and post-stress ubiquitin and chaperonin-aided 
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repair.” More details of Hsp function in a context beyond the scope of the pre- 
sent review are given in Part I of this volume. 


METAL POLLUTION 


There is a large genetic variation in trace metal tolerance between plant species 
and between plant populations, the variation depending on the metal composition 
of the soil and rock substrate as well as environmental pollution stemming from 
industrial wastes.*' Trace metals may enter plant cells via the same systems that 
carry essential metals, and populations may exhibit tolerance to a single metal 
species or to many.’ Possibilities for trace metal tolerance are (i) binding to pectin 
residues and carboxyl groups in cell walls and (ii) complexing to organic acids in 
the cytosol followed by removal to the vacuole.” From the viewpoint of GAS detox- 
ification of trace metals, metal binding peptides, phytochelatins and membrane- 
located pumping mechanisms appear to be the most important mechanisms.*'” 

However, the role of phytochelatins in trace metal detoxification has recently 
been questioned. Although not contesting the presence and function of phy- 
tochelatins in non-stressed circumstances, it is claimed that coping with toxic lev- 
els of trace metals probably depends more on membrane-located 
H*ATPase-associated pumping mechanisms that may remove excess metal 
cations from sensitive subcellular sites. In conclusion, production of phy- 
tochelatins is a GAS reaction to trace metal exposure; however, production of phy- 
tochelatins is unsuitable as a sole parameter for screening for a particular trace 
metal tolerance, since it probably goes hand-in-hand with other stress-coping 
mechanisms. 

A newly discovered mechanism found to be active in Al tolerance in transgenic 
tobacco and papaya is secretion by roots, of citric acid which binds Al in the soil, 
thus preventing it from entering and damaging the plant.” This appears to be a 
specific, and not a GAS, response. 


CONCLUSIONS AND CAVEATS 


This review mainly deals with physiological and biochemical aspects of GAS 
and co-stress; however, mention is made of some anatomical adaptations. These 
include foliar trichomes (hairs), which function efficiently in coping with varying 
stress situations: in water stress by reducing transpiration (“boundary layer 
effects”); high-light intensity and UV-B stress by filtering out harmful solar spec- 
tra; alleviation of heat stress by light interception and shading; prevention of pest 
infection by preclusion of insect probosci insertion into mesophyll tissue; and 
enhancement of freezing tolerance by reducing incidence of ice nucleation centers 
found in substomatal cavities. These and other anatomical adaptations relating 
inter alia to plant cuticulae, nature and chemical composition of the epidermis, 
degree of thylakoid thickness or curvature, anatomical preclusion of “acidosis” by 
microsiphoning off of excess CO,,* and so forth, all of which are beyond the scope 
of the present review, may be as important in the GAS mechanism as the bio- 
chemical adaptions detailed above. 
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SUMMARY 


Converging data indicate the possible existence of a general adaptation syn- 
drome (GAS) in which different types of stress evoke identical coping mechanisms. 
In Selyean terms, this implies a “co-stress” response whereby one type of stress 
resistance may impart co-resistance to others. Common coping denominators may 
be physiological or morphological. The former include oxy-free radical scavenging, 
osmoregulation, ABA, jasmonates, chaperones, HSPs, and phytochelatins. 
Morphological GAS adaptations include leaf pubescence, movements and stance, 
and rooting characteristics. The feasibility, with certain reservations, of the GAS 
hypothesis is discussed here. 


ACKNOWLEDGMENTS 


The authors wish to express their thanks to Ms. Sharon Victor of the Life 
Sciences Department of Bar-Ilan University for her careful typing and patient 
preparation of the manuscript. 


REFERENCES 


1. ERDEI, L., Z. S. SZEGLETES, N. K. BARABAS, A. PESTENACZ, K. FULOP, L. KALMAR, A. KOVACS 
& B. Totu. 1997. Environmental stresses and the circadian rhythm in plants [abstract]. 
Stress of Life Congress, July 1-5, 1997, Budapest, Hungary. 

2. ERDEI, L., Z. SZEGLETES, K. BARABAS, A. PESTENACZ, A. Kovacs & B. TOTH. 1996. Effects of 
environmental stress factors on the circadian rhythm in wheat. Plant Physiol. 
Biochem. Special Issue: 267. 

3. SELYE, H. 1956. The Stress of Life: 325. McGraw-Hill. New York. 

4. LESHEM, Y. Y. & P. J. C. KUIPER. 1996. Is there a GAS (general adaptation) response to var- 

ious types of environmental stress. Biol. Plant. 38: 1-18. 

CHTENTHALER, H. K. 1996. Vegetation stress: An introduction to the stress concept. J. 

Plant Physiol. 148: 4-14. 

RASAD, M.N. V., Ed. 1997. Plant Ecophysiology. John Wiley. New York. 

ESHEM, Y. Y., M. COJOCARU, S. MARGEL, D. EL-ANI & E. M. LANDAU. 1990. A biophysical 

study of abscisic acid interactions with membrane phospholipid components. New 
Phytol. 116: 487-498. 
8. LIN, C. T. & M. F TomasHow. 1992. A cold regulated Arabidopsis gene encodes a 
polypeptide having potent cryoprotective activity. Biochem. Biophys. Res. Comm. 
183: 1103-1108. 
9. Paces, M., J. VILARDELL, A. B. JENSEN, M. MAR ALBA, M. TORRENT & A. GoDay. 1993. 
Molecular biological responses to drought in maize. In Interacting Stresses on Plants 
in a Changing Climate. NATO ASI Series 1/16. M. B. Jackson & C. R. Black, Eds.: 
583-585. Springer Verlag. Berlin. 
10. Farmer, E. E. & C. A. RYAN. 1992. Octadecanoid derived signals in plants. Trends Cell 
Biol. 2: 236-241. 

11. LesHEM, Y. Y. 1992. Plant Membranes: A Biophysical Approach to Structure, 
Development and Senescence: 103-110. Kluwer Academic Publishers. Dordrecht. 

12. ATTREE, S. M., M. K. Pomeroy & L. C. FowKe. 1995. Development of white spruce 
somatic embryos during culture with ABA and osmoticum, and their tolerance to 
drying and freezing. J. Exp. Bot. 46: 433-440. 


ah? 
enue eee 


LESHEM et al.: GAS CONCEPT AND CO-STRESS RESPONSE 207 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22: 


23. 


24. 


25. 


26. 


27: 


28. 


29. 


30. 


31. 


32. 


Piton-Sits, E. A. H., M. J. M. EBskAmP, M. J. PAUL, M. J. W. JEUKEN, P. J. WEISBEEK, & S. 
J. M. SMEEKENS. 1995. Improved performance of transgenic fructan-accumulating 
tobacco under drought stress. Plant Physiol. 107: 125-130. 

ZELAZNY, A. M., A. SHAISH & U. Pick. 1995. Plasma membrane sterols are essential for 
sensing osmotic changes in the halotolerant alga Dunaliella. Plant Physiol. 109: 
1395-1403. 

Jass, T., R. A. DietRICH & J. L. DANGL. 1996. Initiation of runaway cell death in an 
Arabidopsis mutant by extracellular superoxide. Science 273: 1853-1856. 

PERL-TREVES, R. & E. GALUN. 1991. The tomato Cu,Zn superoxide dismutase genes are 
developmentally regulated and respond to light and stress. Plant Mol. Biol. 17: 
745-760. 

KarpPINSKI, S., B. KARPINSKA, G. WINGSLE & J.-E. HALLGREN. 1994. Molecular responses to 
photooxidative stress in Pinus sylvestris. 1. Differential expression of nuclear and plas- 
tid genes in relation to recovery from winter stress. Physiol. Plant. 90: 358-366. 

WILLEKENS, H., W. VAN CAmp, M. VAN MoNntTAGu, D. INZE, H. SANDERMANN, JR. & C. 
LANGEBARTELS. 1995. Ozone, sulphur dioxide and ultraviolet B have similar effects on 
mRNA accumulation of antioxidant genes in Nicotiana plumbaginifolia (L.). Plant 
Physiol. 106: 1007-1014. 

PRASAD, T. K., M. D. ANDERSON, B. A. MARTIN & C. R. STEWART. 1994. Evidence for chill- 
ing induced oxidative stress in maize seedlings and a regulatory role for hydrogen 
peroxide. Plant Cell 6: 65-74. 

BANGA, M., C. W. P. M. BLOM & L. A. C. J. VOESENEK. 1996. Sensitivity to C,H,: The key 
factor in submergence-induced elongation of Rumex. Plant Cell Environ. 19: 
1423-1430. 

LESHEM, Y. Y. & E. HARAMATY. 1996. The characterization and contrasting effects of the 
nitric oxide free radical in vegetative stress of Pisum sativum foliage. J. Plant Physiol. 
148: 258-263. 

Guy, C. L. 1990. Cold acclimation and freezing stress tolerance: role of protein metabo- 
lism. Annu. Rev. Plant Physiol. Plant Mol. Biol. 41: 187-223. 

Hincua, D. K. 1994. Rapid induction of frost hardiness in spinach seedlings under salt 
stress. Planta 194: 274-278. 

WANG, C. Y. 1990. Alleviation of chilling injury in horticultural crops. In Chilling Injury 
of Horticultural Crops. C. Y. Wang, Ed.: 281-303. CRC Press. Boca Raton, FL. 

LurIE, S. & J. D. KLEIN. 1991. Acquisition of low-temperature tolerance in tomatoes by 
exposure to high-temperature stress. J. Am. Soc. Hort. Sci. 116: 1007-1012. 

Pesis, E., R. MARIANSKY, G. ZAUBERMAN & Y. FUCHS. 1994. Prestorage low oxygen atmo- 
sphere treatment reduces chilling injury systems in Fuerte avocado fruit. HortScience. 
29: 1042-1046. 

Mer, S., S. PHILOSOPH-HADAS, S. LuRIE, S. DROBY, M. AKERMAN, G. ZAUBERMAN, B. 
SHAPIRO, E. COHEN & Y. FUCHS. 1996. Reduction of chilling injury in stored avocado, 
grapefruit, and bell pepper by methyl jasmonate. Can. J. Bot. 74: 870-874. 

SABEHAT, A., D. WEISS & S. LURIE. 1996. The correlation between heat-shock protein accu- 
mulation and persistence and chilling tolerance in tomato fruit. Plant Physiol. 110: 
531-537. 

GOULOUBINOFF, P., A. A. GATENBY & G. H. LORIMER. 1989. Gro E heat shock proteins pro- 
mote assembly of foreign prokaryotic ribulose biphosphate carboxylase oligomers in 
E. coli. Nature 337: 44-47. 

Kovacs, E., Z. TOROK, I. HORVATH & L. VIGH. 1994. Heat stress induces association of 
GRO-EL analog chaperonin with thylakoid membranes in cyanobacterium 
Synechocystic PCC 6803. Plant Physiol. Biochem. 32: 285-293. 

Ernst, W. H. O. 1998. Effects of heavy metal in plants at the cellular and organismic 
level. In Exotoxicology. G. Schiirman & B. Market, Eds.: In press. Wiley and Sons and 
Spektrum Verlag. Heidelberg. 

DE KNECHT, J., M. VAN DILLEN, P. L. M. Koevoets, H. SCHAT, J. A. C. VERKLEI] & W. H. O. 
Ernst. 1994. Phytochelatins in cadmium-sensitive and cadmium-tolerant Silene vul- 
garis. Plant Physiol. 104: 225-261. 


208 ANNALS NEW YORK ACADEMY OF SCIENCES 


33. GRILL, E., E. L. WINNACKER & M. H. ZENCK. 1990. Phytochelatins, the heavy-metal chelat- 
ing peptides of the plant kingdom. In Sulfur Nutrition and Sulfur Assimilation in 
Higher Plants. H. Rennenberg et al., Eds.: 89-95. SBB Acad. Publ. The Hague. 

34. De LA FUENTE, J. M., V. RAMIREZ-RODRIGUEZ, J. L. CABRERA-PONCE & L. H. HERRERA- 


EsTRELLA. 1997. Aluminum tolerance to alteration of citrate synthesis. Science 276: 
1566-1568. 


35. ANDREWS, C. J. 1996. How do plants survive ice? Ann. Bot. 78: 529-536. 


